Surface textures have various applications, such as friction/wear reduction and light absorbing enhancement. Deformation-based surface texturing has the potential of economically creating micro-scale surface textures over a large surface area. A novel desktop surface texturing system is proposed for efficiently and economically fabricating microchannels on the surface of thin sheet material for microfluid and friction/wear reduction applications. Both the experimental and numerical studies were employed to analyze the problems of the flatness of the textured sheet, the uniform of the channel depth and pile-ups built up during the surface texturing process. The results demonstrated a clear relationship between relative velocity of the upper and lower rolls and the flatness of the textured sheet and the final profile of the microchannels.
Introduction
Creation of new energy resource and saving of energy consumption can be enabled through innovative microforming technologies. The micromanufacturing technology, which leads to reduction of energy consumption and environmental pollutions, will bridge macroscale production and nanoscale enabling science to make it possible for realizing innovative ideas on energy sustainability. Arrayed microchannel device (AMD) is a stack of laminas contacted through channel heads [1] [2] [3] . Each lamina consists of hundreds of microchannels that facilitate heat exchange or mass transfer. AMD has a direct impact on increasing energy efficiency in the application areas, such as distributed power generation, hydrogen generation, and fuel cells. Microchannel heat exchangers have demonstrated heat fluxes 3-5 times higher than the conventional heat exchangers [4] . As energy efficiency has become increasingly important due to escalating fuel costs, the desire to reduce friction and wear of contacting surfaces has intensified. It is estimated that up to one third of all energy usage worldwide is used to overcome friction, resulting in a potentially significant energy savings with even moderate friction reduction [5] . Friction reduction is another application of surface texturing technology. Rather than maintaining a very smooth surface, dimples are intentionally created on the surface of a part in sliding contact, resulting in a significant friction reduction [6] [7] [8] [9] [10] . These dimples serve as micro-reservoirs for the lubricant, resulting in a reduction in lubricant leakage. As shown in Fig. 1 , during sliding, lubricant pressure builds up in the dimples, which in turn helps to create a separation between the contact parts. The dimples also function as receptacles for debris and wear particles, eliminating potential scratching of the substrate surface during relative motion of the interface parts.
Economically sustainable manufacturing methods are needed to enable the commercialization of these applications. Established fabrication methods for micro-channels and micro-dimples include laser ablation, micromachining, and photochemical machining. Laser ablation utilizes high-intensity laser pulses to incrementally ablate minute segments of the substrate material to create the desired feature geometry [6] . Laser ablation can easily texture nearly any material. However, it requires expensive equipment and surface finish of product is generally poor if a fast process is desired. Micromachining removes material from a substrate using cutting or milling to leave a desired geometry. Micro incremental forming [11] , one type of die-less microforming, forms microchannels of various profiles by depressing and drawing the single point tool along the thin metal sheet. These three methods allow for accurate shapes and tolerances but are fairly time consuming and expensive. They are only suitable for fabricating prototypes.
Currently, mass production of microchannels and dimples are enabled by photochemical machining, which places an etching mask on top of a specimen to selectively etch the material via etching chemicals [12] . Photochemical machining is able to create a pattern that mimics a premade pattern. Photochemical machining poses material waste and environmental concerns. Most of the chemicals such as cleaning solutions, etchants, strippers, etc., are very hazardous liquids, which are expensive to handle and dispose. The ideal manufacturing method must be able to minimize the negative impact to the environment. A method which is capable of efficiently and economically fabricating micro-channels and micro-dimples is needed.
If the deformation-based surface texturing process successfully meets the tolerance requirement, it will lead to many launches of applications in the areas of energy generation, energy utilization, and optical illusions. Futamura et al. [13] developed a microdimple forming process to improve the antiseizing properties of sliding surfaces of mechanical components and reduce frictional resistance. They found bumps building up when forming the dimples on A2017 aluminum alloy and S45C carbon steel pipes. After burnishing the bumps, the depth of the dimples on A2017 pile almost kept the same, while the dimples on S45C pipe disappeared totally. Due to the higher Young's modulus of S45C carbon steel, the burnishing roll needs to press down more to flatten the bump on the surface of carbon steel pipes. At the same time, the dimples are flattened. Cao et al. [14] investigated the effect of relative velocity on shape distribution of microdimples. They found a clear relationship between the relative velocity and the frictional force. A 20% difference in formed bump height was observed when the relative velocity between the tool and the sample was increased from 0 to 1 mm/s. Jiang and Tieu [15] studied high temperature macroscale ribbed strip rolling using finite 1 element method. They found that the distribution of rib height along the width of strip is not uniform, and the pulling down of rib height increases when the reduction and thickness of base strip increase. All these studies helped us to better understand the mechanism of deformation-based microscale surface texturing. However, to further study the microscale deformation-based texturing and to make this surface texturing technique fully viable, one has to address the problem of flatness of the textured sheet, the uniform of the channel depth and pile-ups built up during the process. In this paper, the deformation-based surface texturing system will be first introduced, followed by both the experimental and numerical analysis of this microrolling process.
Deformation-Based Surface Texturing System
In this study, a desktop surface texturing system was used to form microchannels on the surface of thin sheet metal [16] . This system uses one pair of rolls with only upper roll or both upper and lower rolls pretextured to plastically deform the top surface or both top and bottom surfaces of a thin sheet, creating an array of surface features through a combination of rolling and indentation actions. The rolls themselves can be made through micromachining, electro discharge machining (EDM), or laser ablation. This system enables mass production of surface textures at low cost and can significantly reduce energy consumption. The advantage of the proposed system is to provide a microforming method that can be implemented at room temperature without the need for heating of the tooling and the sheet material and is significantly faster and less expensive than etching or machining or laser texturing. Figure 2 shows the schematic of the desktop surface texturing system. The main frame, which combines two pairs of flexure bearing housings (FBH), was cut from one piece of high strength steel block using wire EDM with accuracy as of 1 lm. Rolls With Microtexturing Features. As seen from Fig. 3 , the upper roll is made with microchannel features. Sheet material is properly laid between the upper and lower rolls. The gap between the upper and lower rolls is adjusted roughly by the wedge adjusting unit ( Fig. 2 ) according to the required final depth of the surface features. Piezo actuators are utilized to achieve the nanometer accuracy. With continuous rolling process, the surface features of the roll are pressed against the contact surface of the sheet with a certain pressing force and are transferred to the sheet.
Flexure Bearing House. The FBH serves as the support mechanism as well as the guiding mechanism for the upper and lower rolls. Figure 4 shows the schematic of FBH, which is linked to the main frame with flexure hinges. FBH can provide precision vertical linear motion in a small range of 1 mm. Flexure hinges, with low rotational stiffness about one axis and high stiffness in other degrees of freedom, enable the FBH move vertically while keeping other degrees of freedom constrained. Furthermore, flexure hinges are clean room compatible and can be used in a vacuum environment. Compared with traditional bearing house, which assembles with linear bushing and sliding rod system, FBH has no assembly, therefore, having no error accumulation, no backlash, no friction, and no need for lubrication. Flexure hinge is employed as the ultra precision manipulation system in various fields such as microgripper, scanning electron microscopy, microlithography, and micromachining. Several flexure-based precision manipulation systems have been developed [17] [18] [19] . All these complicated high degree-of-freedom micromanipulators are based on simple flexure hinges.
Gap Adjusting Unit and Control System. During surface texturing, the gap between the upper and lower rolls is first coarsely adjusted by the lower gap adjusting unit by pushing forward or pulling back the bottom wedge. Afterward, the upper adjusting unit with nanometer accuracy is used for fine adjustments and for the real-time adjustments during the surface texturing process. The upper adjusting unit is comprised of a piezo-actuator, a piezoelectric load cell, and a ball tip. Two piezo actuators with resolution of 0.8 nm press the left and right upper flexible bearing housings independently for closed-loop control of the gap between the upper and lower rolls and to prevent the tilting of the upper roll. Two piezo-electric load cells, installed between the piezo-actuator and the ball tip, are used to monitor the rolling forces in real-time. Ball tips, which are attached to the head of the piezo actuators, are used to prevent the application from both tilting and shearing forces which can damage the piezo-actuators. The gap between two rolls cannot be measured directly in the present setup. Instead, two noncontact capacitive position sensors are used to measure the gaps between the upper and lower flexure bearing houses at two ends of the rolls. In this way, the gap between two rolls can be calculated and any minor tilting of the roll can be detected very easily. Signal from the position sensor is fed into the control unit, so that the stroke of the piezo stack is carried out based on the signal to keep the gap between the upper and lower rolls at a required constant value.
Desktop Surface Texturing System. The desktop deformationbased surface texturing system based on the above proposed idea is shown in Fig. 5 . A unique monoblock rolling housing design integrated with flexure bearing houses and piezo-actuators to ensure nanometer precision and closed-loop controllability. All the parameters of the flexure bearing house are listed in Table 1 . The upper FBH is designed with high stiffness of 80 N/lm to ensure precise movements. In our system, since the lower FBH is supported by the wedge adjusting system, the requirement of stiffness can be compromised to achieve a larger stroke for coarse adjustment. The critical stress is calculated based on the stroke length and is designed to be far below the yield stress of the material to ensure the safety of the whole system. The natural frequencies of both FBHs are designed to be much higher than the frequency of the texturing process in order to avoid system resonances.
Two electric motors rotate the two rolls independently, giving them the same or different rotational speeds up to 20 rpm according to applications. The roll with surface features is made of tungsten carbide for the high stiffness and strength. The upper roll is fabricated with 100 lm wide and 100 lm deep microchannels; the lower roll is polished without any surface features. Two piezo actuators are capable of providing up to 60 kN force and 150 lm stroke length with 0.8 nm resolution. The stiffness of the piezo actuator is 360 N/lm and the resonant frequency is 4.5 kHz. The piezoelectric load cell has a high rigidity of 5 kN/lm and can measure up to 30 kN load. The capacitive position sensor, with a measurement range up to 2 mm and a resolution as small as 10 nm, is selected for noncontact position measurement.
The Zygo NewView white light interferometer (WLI) was used in the research to measure the profile of the textured microchannels. NewView can scan a channel with depth up to 2 mm and with a minimum resolvable depth less than 1 nm. Figure 6 shows the image of the one textured microchannel measured using this white light interferometer, where 6(a) is the 3D image of one formed microchannel, and 6(b) is the cross-section view of this formed microchannel. 
Results and Discussions
To investigate this deformation-based surface texturing technique, a group of experiments and numerical simulations has been conducted using proposed surface texturing system and finite element model. The thickness of the sheet is 500 lm thick and the material of the sheet is AA5052. During the experiments, the sheets were textured with 100 lm wide microchannels. Microchannels with different depth were fabricated to investigate the formation of the microchannels and the flatness of the textured sheet.
Microchannels with different depths were textured on the top surface of AA5052 sheet. The final channel depth can be adjusted through the controller and the piezo-actuators. As shown in Fig. 7 , from left to right, the depths of microchannels are 5 lm, 10 lm, and 20 lm, respectively. It is clear to see that as the depth of microchannel increases, the textured sheet tends to bend more. Based on the experimental results, when the depth of microchannels exceeds 10 lm, the curvature of the textured sheet is obvious. Figure 8 shows the WLI images of the textured surfaces. Figure 8(a) shows the pattern of microchannels array; Fig. 8(b) shows the grid pattern formed by orthogonal microchannels. This grid pattern can be made by first passing the sheet in one direction and then passing it along the orthogonal direction. Deformationbased surface texturing technique has the potential of economically creating microchannels over a large surface area of metallic material. However, to make this deformation-based surface texturing process fully viable, one has to be able to control the flatness of the textured sheet.
Relationship Between Curvature and Relative Velocity. In our research, only the top surface is textured. The contact pressure on the top surface is N times of the pressure on the bottom surface. During surface texturing, the compression stress of the material on the bottom surface is smaller than the yield stress of the material, leading no or very small deformation of the material on the bottom half of the sheet. On the top half of the sheet, the stress of the material in the contact area of the microteeth is larger than the yield stress. Therefore, the sheet will bend downward since the deformation of the material on the top half is larger than that on the bottom half, as shown in Fig. 9 .
To reduce the curvature of the textured sheet, the velocity of the lower roll was increased to introduce a relative velocity between the upper and lower rolls, and therefore, between the rolls and the sheet. As shown in Fig. 10 , the higher speed of the lower roll will generate a higher shearing stress on the bottom half the thin sheet, which helps to bend the sheet upward.
The experimental results have demonstrated the effect of the relative velocity on preventing the bending of the textured thin sheet. As shown in Fig. 11 , from top to bottom, the curvature of textured sheet was reduced as the relative velocity was increased from 0 to 2 mm/s. To verify and further investigate the surface texturing process, FEM finite simulations were conducted. Due to symmetry, only one microchannel was modeled using the commercial finite element software ABAQUS. A modified Coulomb friction model with shear stress limit has been used in the simulation. An equivalent shear stress limit, s max , is specified, so that, regardless of the magnitude of the contact pressure, sliding will occur if the magnitude of the equivalent shear stress reaches this limit. This shear stress limit is typically introduced in cases when the contact stress becomes very large, Fig. 9 Bending of the sheet after top surface texturing due to larger deformation of the top half of the sheet causing the Coulomb theory to provide a critical shear stress at the interface that exceeds the yield stress in the material beneath the contact surface. In the simulation, a reasonable upper bound estimate for s max , r y /H3, is chosen, where r y is the von Mises yield stress of the material adjacent to the surface. The friction coefficient was set to be 0.2 based on the research results published by Zhou et al. [20] . All the simulation inputs are listed in Table 2 . Figure 12 shows the simulation model of the surface texturing process and the one example of the stress contour of the sheet during texturing. The rolls were modeled as rigid bodies. The thin metal sheet was modeled using the von-Mises elastoplastic material model and was meshed by 184,000 eight-node linear brick elements with reduced integration and hourglass control.
The effect of relative velocity on the curvature of textured sheet has been studied both experimentally and numerically. As shown in Fig. 13 , it is very clear that the curvature of textured sheet reduced as the relative velocity increased from 0 to 2 mm/s. Experimental study and finite element simulation gave similar results and the same trend of curvature reduction. Based on the experiments, we found that when the relative velocity reached 2 mm/s, the textured sheet remained flat.
Relationship Between Channel Depth and Relative Velocity. The profiles of the microchannels were measured using the white light interferometer and were compared with the results from finite element simulations. Figure 14 shows the final profiles of the microchannels along the rolling direction when the depth of the indentation is 25 lm. For a clear comparison, experimental and numerical results are plot on the left side and on the right side, respectively. The numerical results of the profile of the channel are in good agreement with the experimental results. It is clear to see that the relative velocity has a significant effect on increasing the final channel depth and eliminating the pile-up. Based on above findings, to obtain a deeper channel with lower pile-up, we should introduce a relative velocity between the upper and lower rolls. In the case of symmetrical rolling in which upper and lower rolls have the same velocity, a high contact pressure keeps pushing the material along the transverse direction, leading to a higher pile-up. While, in the case of asymmetrical rolling in which the upper and lower rolls have different velocities, material is pushed Distribution of the Channel Depth Along the Transverse Direction. Figure 15 shows that the distribution of channel depth along the width of strip. The depth of four channels, one on each side and two in the middle of the strip, along the width of the sheet was measured. The depth of the middle channel is larger than that of the side channel. Since the rolls are made of tungsten carbide with a high young's modulus as of 550 GPa, the bending of roll can be ignored. Close to the sides of the thin strip, material can flow more freely, leading to the less stress in the local deformation area, therefore, lower channel depth. In the case of asymmetrical rolling, material is easier to deform with shear stress along the rolling direction. Since the material flow along the transverse direction is reduced, the channel depth is more uniform along the transverse direction. Based on the experimental results, the increase in the relative velocity leads to a decrease in the variation of channel depth. When the relative velocity reaches 2 mm/s, the difference of channel depth is negligible. Therefore, if the relative velocity of the upper and lower rolls is suitably determined, uniform channel depth can be obtained.
Conclusions
In this research, a novel deformation-based surface texturing system was used to form microchannels on the surface of thin sheet metal. The texturing system combined a single-block high strength steel main frame with two pair of flexure bearing housings and two piezo-actuators ensures the ultra-high precision and closed-loop control. Therefore, this system is ideal for texturing microscale features on the surface of thin sheet. Both experimental and numerical studies were employed to investigate the deformation-based microchannel texturing, including the curvature of the textured sheet, profile of the channel and uniformity of the channel depth. Experimental results and FEM simulation results matched very well. Both results demonstrated a significant effect of relative velocity on the final profile of microchannels and flatness of textured sheet with a relative velocity changing from 0 to 2 mm/s. Based on the results, a strategy can be made to obtain a flat sheet textured with deeper channels by imposing a relative velocity between the upper and bottom rolls. Future work will include an investigation of minimum formable channel widths and depths through this desktop microrolling texturing system and geometry conformability. 
